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Abstract
Measuring the dark matter (DM) signals via electron recoil provides an important means
for direct detection of light DM particles. The recent XENON1T anomaly with electron
recoil energy around ER=(2− 3) keV can be naturally explained by inelastic scattering
of DM which injects energy to the recoiled electrons and gives a narrow peak structure in
the recoil spectrum. We present an effective field theory (EFT) analysis of exothermic in-
elastic DM signals for the Xenon electron recoil detection. For relatively heavy mediator,
we fairly formulate the DM-lepton interactions by effective contact operators with two
DM fields (X, X ′) and two leptons. Using the XENON1T data, we fit the electron recoil
spectrum and constrain the allowed scalar DM mass-splitting as 2.1 keV<∆m<3.3 keV
(95% C.L.), with the best fit ∆m = 2.8 keV. We further analyze the relic density pro-
duced by such effective DM-electron contact interaction. To provide both the DM relic
density and the XENON1T excess, we further derive constraints on the DM mass and
the UV cutoff scale of the DM effective interaction. Finally, we study models of UV
completion for the effective DM-lepton contact interactions.
∗Email: hjhe@sjtu.edu.cn, hjhe@tsinghua.edu.cn
†Email: wang-yc15@mails.tsinghua.edu.cn
‡Email: zhengjm3@sjtu.edu.cn
ar
X
iv
:2
00
7.
04
96
3v
1 
 [h
ep
-p
h]
  9
 Ju
l 2
02
0
Contents
1. Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. EFT Analysis of ineDM and Xenon Electron Recoil . . . . . . . . . . . . 3
2.1. Realizing Minimal Inelastic Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2. EFT Analysis of Inelastic DM for Xenon Electron Recoil . . . . . . . . . . . . . . . . . . . . 6
3. Constraints from DM Relic Density and Decays .. . . . . . . . . . . . . . . 12
4. UV Completion of Effective Operators .. . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.1. Mediation by Second Higgs Doublet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2. Mediation by Vector-like Heavy Leptons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3. UV Completion for Contact Operator OVR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
5. Conclusions .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
A.Independent Operators for DM-Lepton Interactions.. . . . . . . . . . . 20
References .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1. Introduction
With the tremendous experimental efforts of searching dark matter (DM) particles rang-
ing from the underground up to the sky over the past thirty years, the dark matter physics is
expected to be approaching an exciting turning point. Among various ground-based experi-
ments, measuring the DM signal via electron recoil provides an important means for directly
detecting light DM particles. The XENON collaboration [1] has newly announced an excess
of events with low electron recoil energy around ER = 2−3 keV [2]. Such an excess may be
attributed to possible tritium β decays in the backgrounds [2, 3] or by new physics beyond the
Standard Model (SM). In the latter case, the XENON collaboration also pointed out two sim-
ple possibilities [2]: (i) solar neutrinos with a large magnetic dipole moment [4] and (ii) solar
axions [5] absorbed by the recoiled electrons. However, both explanations have severe tension
with stellar cooling constraints [6] such as those from the white dwarfs and globular clusters.
Absorption of other light DM particles [7], such as axion-like-particles or dark photons can
also give rise to a narrow peak signal at low recoil energy.
Another class of explanations for the excess have focused on the scattering between DM and
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electrons in XENON1T. But, for an elastic DM-electron scattering process, it was found [8]
that the DM particle X has to be as fast as 0.05c with mass mX & 0.1 MeV in order to
produce the desired electron recoil energy of O(keV), where c denotes the light velocity. This
is an order of magnitude faster than the local escape velocity vesc∼10−3c from the Milky
Way. There are related attempts to realize such a boosted DM component for explaining the
XENON1T excess [9]. Various other attempts also newly appeared [10][11].
In this work, we investigate an attractive resolution that the electron recoil is induced
by inelastic scattering1 of a heavier DM component X ′ to a lighter component X . The
idea of exothermic inelastic DM scattering was studied before for the DM scattering with
nuclei as an explanation to the DAMA/LIBRA excess [12]. For the present study, we fit the
XENON1T data and find that the inelastic DM-electron scattering leads to a narrow peak
in the recoil spectrum for the DM mass-splitting ∆m ' (2.1−3.3) keV, which is consistent
with the XENON1T excess. This also means that its crossing channel will generate the DM
annihilation XX ′→e−e+. We present an effective field theory (EFT) analysis of inelastic DM
signals for the Xenon electron recoil detection. For relatively heavy mediator, we can fairly
formulate the DM-electron interactions by effective contact operators with two DM fields
(X, X ′) and two electrons. We demonstrate that the DM relic abundance can be determined
by the freeze-out of this annihilation process. We compute the lifetime of the heavier DM
component and find that it can be much longer than the age of the Universe due to the small
mass-splitting required to explain the XENON1T excess.
The paper is organized as follows. In Sec. 2, we present the gauge-invariant effective op-
erators of dimension-6 which realize exothermic inelastic scattering between the DM and
electrons. We analyze the contributions of these operators to the electron recoil spectrum
and fit them with the XENON1T data. We further identify the allowed parameter space for
the inelastic DM. In Sec. 3, we study the contributions of the inelastic DM to the the relic
abundance and derive the constraints. We analyze the lifetime of the heavier DM component
X ′ and other nontrivial constraints. In Sec.4, we discuss the possible UV completions of these
effective operators. Finally, we conclude in Sec. 5.
2. EFT Analysis of ineDM and Xenon Electron Recoil
In this section, we study the inelastic DM (ineDM) as a resolution to the XENON1T
anomaly. We present an effective field theory (EFT) analysis of inelastic DM signals for the
Xenon electron recoil detection. For relatively heavy mediator, we formulate the DM-electron
interactions by effective contact operators with two DM fields (X,X ′) and two electrons. Then
1During the completion of writing this paper, some related papers appeared which explored the inelastic
DM explanation of XENON1T excess via specific DM models with very light vector mediators [11]. Our EFT
formulation of the DM sector differs from all these since we have relatively heavy mediator (either scalar or
vector) which can be integrated out from our EFT of the DM-electron interactions at low energies.
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we analyze the predicted electron recoil energy spectrum and identify the allowed parameter
space by fitting the XENON1T data and imposing the bound of from CMB measurements of
the DM relic abundance.
2.1. Realizing Minimal Inelastic Dark Matter
For the present study, we construct a minimal dark sector for inelastic DM (ineDM),
including two light real scalar DM fields X and X ′, with masses around mX ,mX′ = O(GeV)
me and a small mass-difference ∆m ≡ mX′−mX =O(2−3) keV. In our EFT construction, the
DM fields (X, X ′) are the SM singlets and odd under a Z2 parity, and their interactions with
SM fields are realized via gauge-invariant effective operators of dimension-6. These include the
contact quartic interactions between (X, X ′) and lepton pairs relevant to the current study.
Depending on the type of the bilinear lepton fields in the quartic interaction, we may assign
both (X, X ′) as P -even real scalars or one of them as P -odd pseudo-scalar. In the latter case,
(X, X ′) can combine to form a complex singlet scalar such as X̂=(X ′+iX)/
√
2 (for X being
P -odd) or X̂=(X+iX ′)/
√
2 (for X ′ being P -odd).
In the present study, we will consider the following inelastic scattering process of the DM
with electrons,
e− +X ′ ←→ e− +X . (2.1)
For the typical local DM velocity, it is known [8] that the recoil energy of an elastic scattering
between the DM and electron is too low to explain the event excess in the electron recoil
energy spectrum around (2 − 3)keV as newly observed by XENON1T [1]. Thus, we only
consider the inelastic channel (2.1) for analyzing the xenon electron recoil detection. If a large
proportion of the DM is made of X ′, then its exothermic inelastic scattering e−+X ′→ e−+X
releases an amount of energy ∼∆m to the kinetic energy of the final states. In the case of
mX ,mX′  me, most of these released energy goes into the kinetic energy of the scattered
electron and produces a narrow peak in the electron recoil energy ER ∼∆m . The reverse
process e−+ X → e−+ X ′ is kinematically suppressed because the local DM particles in
average are too slow to overcome the energy barrier.
Related to the scattering process (2.1), we note that the heavier DM particle X ′ has the
following decay channel induced by an electron-loop,
X ′ → X + (photons) . (2.2)
This is the dominant decay channel if X and X ′ do not couple directly to light neutrinos.
The number of photons emitted in the decay products depends on details of the DM-electron
interaction and the spin of the DM particles. This process is extremely suppressed kinemati-
cally because of the small mass-splitting ∆mmX . The lifetime of X ′ can be much beyond
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the age of the Universe, as we will show later.
This inelastic DM sector can be realized consistently in the early Universe. The DM parti-
cles were originally in chemical equilibrium with electrons/positrons through the annihilation,
e+ + e− ←→ X +X ′ . (2.3)
As the Universe cools down, the above scattering became inefficient when T .mX and the
dark matter relic density nX + nX′ is determined by the usual freeze-out mechanism. But,
the scattering process (2.1) and its counterpart with positron are still operative because of
the large e± abundance. These keep nX = nX′ for T  ∆m . The process X ′X ′ ↔ XX
also maintains chemical equilibrium between X and X ′. But, it is mainly controlled by the
quartic coupling X2X ′2 and we assume it decouples earlier than DM scattering with e±. The
electron kinetically decouples from X and X ′ at a temperature TD≈me∆m . Since then
the density ratio of X and X ′ has been frozen as nX = nX′ . So only half of the DM particles
(X ′) can contribute to the event excess in the electron recoil energy spectrum observed by the
XENON1T experiment.
In the following, we quantitatively compute the contribution of our inelastic DM to the
electron recoil energy spectrum of XENON1T. We present an EFT formulation for the DM-
lepton interactions by considering the parameter space with the mediator mass much larger
than the energy scale of the DM-electron scattering and the lepton mass, i.e., M2md  q2t , m2` ,
where Mmd denotes the mediator mass, m` the lepton mass, and qt the 4-momentum transfer
between the DM and electron. In this case the DM-lepton interaction reduces to an effective
contact operator. This is a reasonable EFT setup since the freeze-out of the DM density
and the DM-electron scattering in XENON1T detector both occur at energy scales much
below O(GeV) which we will identify as the mass scale of our inelatsic DM. We may also
consider the case with the mediator mass above the electroweak symmetry breaking scale.
Thus, integrating out the mediator field, we can write down the following effective Lagrangian
for the DM-lepton interactions:
L(6) =
∑
j
cj
Λ˜2
Oj =
∑
j
sign(cj)
Λ2j
Oj , (2.4)
where each dimensionless coefficient cj is the product of mediator couplings with the DM and
with the leptons and has possible signs sign(cj) = ± . In the current notation, cj can be
defined as a real coupling before specifying the form of the corresponding operator Oj. The
UV cutoff scale Λ˜ equals the mediator mass, Λ˜ = Mmed, and we can define the corresponding
effective UV cutoff scale Λj = Λ˜/|cj|1/2 for each operator Oj. In the effective Lagrangian
(2.5), we have the following SU(2)L⊗U(1)Y gauge-invariant and CP -conserving dimension-6
effective operators for the DM-lepton interactions,
OSj = (L¯H`R)[X ′X, X2, X ′2] + h.c. , (2.5a)
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OVL = (L¯γµL)(X ′∂µX−X∂µX ′) , (2.5b)
OVR = (¯`Rγµ`R)(X ′∂µX−X∂µX ′) , (2.5c)
where H denotes the SM Higgs doublet with its vacuum expectation value (VEV) 〈H〉 =
(0, v)T , L = (νL, `L)
T is the left-handed lepton-doublet, and ` = e, µ, τ .2 For the vector-type
interactions (2.5b)-(2.5c), we assign one of the scalars (X, X ′) as P -odd and the other one as
P -even, so the operators OVL and OVR conserve CP . We consider the scalar-type interactions
(2.5a) and the vector-type interactions (2.5b)-(2.5c) as motivated by two different types of the
underlying UV theories, so we will take them as two independent effective model-setups for
our present study and analyze them separately. In the broken phase, the scalar-type operators
(2.5a) provide the following dimension-5 operators relevant to DM-lepton interactions,
O(5)Sj = v(¯`` )X ′X, v(¯`` )X2, v(¯`` )X ′2. (2.6)
For the vector-type operators (2.5b)-(2.5c), we find that the asymmetric combination (X ′∂µX−
X∂µX
′) is unique because the vector-type operators with the other combination (X ′∂µX+
X∂µX
′) = ∂µ(XX
′) can be converted to terms suppressed by the leptonic Yukawa couplings
of the SM or to terms with additional gauge fields (which are irrelevant to the current study).
Besides, in Eqs.(2.5b)-(2.5c), we could consider the operators with their DM part replaced by
the bilinear fields X∂µX (∝ ∂µX2) or X ′∂µX ′ (∝ ∂µX ′2). But by the same reasoning, we can
convert such operators to terms suppressed by the SM lepton-Yukawa-couplings or to terms
with additional gauge fields. The details of the proof are given in Appendix A. We will further
discuss the possible UV-completion of the above effective operators in Sec. 4. We also find
that the vector-type operators OVL and OVR give the same contributions to the DM scattering
and annihilation amplitudes.
2.2. EFT Analysis of Inelastic DM for Xenon Electron Recoil
In this subsection, we use the generic effective DM-electron interactions (2.5)-(2.6) to
analyze the electron recoil energy spectrum and compare it with the new measurement of
XENON1T [2]. We will demonstrate that the effective interactions (2.5)-(2.6) can realize the
inelastic DM scattering X ′ e−→X e− and neatly explain the observed XENON1T anomaly.
For the current situation, we note that the DM masses (mX , mX′), their mass-splitting
(∆m), and the electron mass (me) should obey the relation ∆mmemX . In natural unit,
we have the local DM velocity vDM∼10−3 and typical atomic electron velocity ve∼α∼10−2,
where α is the fine structure constant. So we have the velocity relation vDMve1 . Thus,
for the inelastic scattering X ′ e−→ X e−, we can express the electron recoil energy to the
2Here we consider that the left-handed neutrino νL will obtain Majorana mass, so the right-handed neutrino
νR is either very heavy and decouples from the low energy EFT or is absent. The case of neutrinos being pure
Dirac type can be considered as well, but we find it does not affect our main conclusion.
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leading order of (vDM, ve) and (∆m, me),
ER ' ∆m
(
1− vDM
ve
cos θe
)
, (2.7)
where θe is the scattering angle between the moving directions of the final and initial state
electrons. In deriving the above formula, we have chosen the initial state electron and X ′ to
move in parallel for simplicity of demonstration, but the following analysis does not rely on
this choice. Because vDMve, Eq.(2.7) shows that the recoil energy spectrum has to exhibit
a narrow peak around ER ≈ ∆m , which will be further spread by detector resolution.
To analyze the electron recoil energy spectrum at XENON1T induced by the inelastic DM
scattering, we use the systematic treatment of [13]-[16]. We parameterize the X ′e scattering
cross section as σXe(q) = σe |FX(q)|2, where q ≡ |~q | is the size of transferred 3-momentum,
and σe ≡ σXe(q = 0) is the scattering cross section evaluated at q = 0 . The function FX(q)
is the DM form factor that captures the q dependence of the cross section. We consider the
DM mass range mX me . For the inelastic scattering X ′ e−→X e− induced by scalar-type
contact interaction O(5)S1 in Eq.(2.6), we derive
σSe =
m2e v
2
4piΛ4Sm
2
X
, (2.8a)
|F SX(q)|2 =
m2e + q
2/4
m2e
, (2.8b)
where ΛS is the effective cutoff scale associated with the operator OS1 and O(5)S1 . For vector-
type contact interaction OVL or OVR in Eqs.(2.5b)-(2.5c), we denote the associated cutoff scale
as ΛV and deduce the following,
σVe =
m2e
4piΛ4V
, (2.9a)
|F VX (q)|2 =
m2e − q2/2
m2e
. (2.9b)
Then, the velocity-averaged differential cross section is given by
d〈σXevDM〉
dER
=
σe
2me
∫
dvDM
f(vDM)
vDM
∫ q+
q−
dq a20 q |FX(q)|2K(ER, q) , (2.10)
where f(vDM) is the local DM velocity distribution function, normalized to
∫
dvDM f(vDM) =
1 . We take f(vDM) as a pseudo-Maxwellian distribution,
f(v) = N0v
2 exp
[−(v−vmean)2/(2v2rms)] , (2.11)
where N0 is the normalization factor, vmean denotes the average velocity vmean= 0.77×10−3,
and vrms is the local DM velocity dispersion vrms = 0.73×10−3 [15]. In the above Eq.(2.10),
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a0 = 1/(meα) is the Bohr radius, while K(E, q) is the atomic exitation factor. We input
K(E, q) from Fig.7 of [16] with ER = 2 keV. Most of our signal events have a recoil energy
around ER∼∆m=(2−3) keV. For ER=(1−5) keV, the scattering happens dominantly with
electrons in the 3s shell [14]. The function K(E, q) is independent of E before it reaches the
threshold of the next quantum energy level. So we can approximate K(E, q)'K(∆m, q)'
K(2keV, q) for the calculation. The upper and lower limits of the q integration ( q−6q6q+ )
is determined by the range which obeys the energy-momentum conservation,
q2− 2qmXvDMcosη + 2mX(ER−∆m) = 0 , (2.12)
for any η , where η is the angle between the momentum-transfer ~q and the momentum ~pi of
the incident DM particle X ′. Thus, we have
q±
mX
= ζ
(
vi ±
√
v2i − 2ζ
∣∣∣∣ER−∆mmX
∣∣∣∣
)
, (2.13)
where ζ = sign(ER−∆m). Thus, the electron recoil energy spectrum of the scattering events
is given by
dN
dER
' d〈σXevDM〉
dER
ρDM
2mX′
NT ∆t , (2.14)
where the product NT ∆t ' 4.2 × 1027/ton × 0.65 ton · yr , which gives the number of atoms
NT times the total exposure time ∆t for the Science Run-1 (SR1) [2]. The local DM density
is ρDM ' 0.3 GeV/cm3. We have used the condition that the heavier component X ′ makes
up half of the dark matter relics. We further incorporate the detector energy resolution
σd = 0.5 keV [1] into the recoil spectrum by convolving it with a normal distribution G(E, σd).
The efficiency function η(E) of the XENON1T detector is given by Fig. 2 of Ref. [2]. Thus,
we estimate the detected recoil energy spectrum as follows,
dNDT
dER
= η(ER)
∫
dE ′G(ER−E ′, σd)
dN(E ′)
dE ′
. (2.15)
In the above formulation, we have three key quantities for describing the DM-electron
inelastic scattering: the DM mass mX , the DM mass-splitting ∆m, and the inelastic scattering
cross section at q2 = 0 , which is σXe(q
2 = 0) = σe. From Eqs.(2.8)-(2.9), we see that in the
expression of the inelastic cross section σXe, the part σe contains all the information of the
DM-electron interactions, especially the effective DM-electron coupling Λ−1S or Λ
−1
V as defined
in the dimension-6 effective operators (2.4)-(2.6). Also, the kinematic function F SX(q) or F
V
X (q)
just extracts the q2-dependence of the inelastic cross section σXe, and practically F
S,V
X (q) ' 1
holds well for the relevant region of the q-integration (2.10). This is because the atomic
excitation function K(E, q) takes its peak value at q ≈ 0.04 MeVme and falls off rapidly as
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Figure 1: Fitting inelastic DM with XENON1T data. The fit is performed by varying the parameters
(mX , ∆m, σe) simultaneously. Plot-(a) presents the allowed parameter space in the mX − σe plane
for setting the DM mass-splitting to its best fit ∆m = 2.8 eV, where the red and pink contours give
the 68% C.L. and 95% C.L. limits, respectively. The black solid curve in the middle of the contours
correspond to the best fit of (mX , σe). Plot-(b) shows the χ
2 fit for ∆m, which gives the best fit of
∆m = 2.8 keV, and the allowed ranges of ∆m = 2.8+0.2−0.3 eV (68% C.L.) and 2.1 eV<∆m< 3.3 eV
(95% C.L.).
q deviates from this peak position. Hence, we can make a fairly model-independent fit of the
inelastic DM parameters (mX , ∆m, σe) with the XENON1T data.
With these, we present our fitting results in Fig. 1. Plot-(b) shows the χ2 fit for ∆m,
which gives the best fit of the DM mass-splitting ∆m = 2.8 keV, and the allowed ranges:
∆m = 2.8+0.2−0.3 eV (68% C.L.) and 2.1 eV<∆m< 3.3 eV (95% C.L.). In Plot-(a), we present
the allowed parameter space in the mX− σe plane by fixing the DM mass-splitting to its best
fit ∆m= 2.8 eV, where the red and pink contours correspond to the 68% C.L. and 95% C.L.
limits, respectively. The black solid curve in the middle of the contours corresponds to the
best fit of (mX , σe). As we will show, given the general contour of (mX , σe) in Fig. 1(a), we
can further derive new bounds on the cutoff scale Λ versus the DM mass mX for each given
type of contact DM-electron interactions.
Inspecting Eqs.(2.10) and (2.14), we observe that the information of the DM dynamics
enters the recoil spectrum via the ratio σe/mX′ (or equivalently, σe/mX) for a given DM
mass-splitting ∆m . The integral upper/lower limits q± [cf. Eq.(2.13)] also have dependence
on mX , but we find that this effect is rather weak and practically negligible for the final result.
In Fig. 2, we present the smeared electron recoil energy spectrum for the sample input of cross-
section/mass ratio σe/mX =8.8×10−44cm2/GeV, which corresponds to the best fit of Fig. 1(a).
As will be shown below, this input satisfies the constraint of the DM relic abundance. The data
points with error bars correspond to the new measurement by the XENON1T collaboration and
the black solid curve shows the background contribution in the XENON1T detector, which are
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Figure 2: Prediction of inelastic DM for the electron recoil energy spectrum and the XENON1T
data. The data points with error bars correspond to the new measurement of XENON1T [2], and the
black solid curve shows the background contribution. The (green, red, blue) solid curves include the
inelastic DM contributions with the DM mass-splitting ∆m = (2.5, 2.8, 3.0)eV, respectively, while
the dashed (green, red, blue) curves correspond to the inelastic DM contributions alone. We have
input a sample cross-section/mass ratio σe/mX = 8.8×10−44cm2/GeV, which corresponds to the best
fit of Fig. 1(a).
taken from Ref. [2]. With our generic EFT formulation of the inelastic DM, we have computed
the electron recoil energy spectrum for different DM mass-splittings ∆m = (2.5, 2.8, 3.0)eV,
which are plotted as (blue, red, green) dashed curves. We sum these DM signal contributions
with the backgrounds (black solid curve) respectively, and plot them as the (green, red, blue)
solid curves in the same figure. It shows that the case of ∆m = 2.8 eV (red solid curve) gives
the best fit to the recoil spectrum measured by XENON1T. Also, comparing the (blue, red,
green) solid curves with different ∆m values, we see that varying the ∆m value has little effect
on the height and width of the recoil peak, but it does shifts the peak position in ER. We
see that even after including the detector energy resolution the recoil peak still reamins quite
narrow, so the peak position in ER is fairly constrained by the XENON1T data.
Next, we can apply the general fit of Fig. 1(a) to the case of the scalar-type DM-electron
interaction (2.6) and to the case of the vector-type DM-electron (2.5b)-(2.5c), respectively.
With the fit of Fig. 1(a), we can derive the allowed parameter space in the mX− ΛS plane
for the scalar-type DM-electron interaction, and in the mX−ΛV plane for the vector-type
DM-electron interaction. This is practically equivalent to making a direct fit of XENON1T
data (under ∆m = 2.8 keV) in the mX−ΛS plane and in the mX−ΛV plane, respectively.
We present our findings in Fig.3. In plot-(a), we fit with the XENON1T data and show
the allowed parameter region in the mX−ΛS plane for the case of scalar-type DM-electron
interaction under ∆m = 2.8 keV. The black curve represents the best fit value, and the red
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Figure 3: Bounds of XENON1T data on the parameter space mX−Λ of inelastic DM. Plot-(a)
presents the bounds in the mX − ΛS plane (under ∆m = 2.8 keV) for the scalar-type DM-electron
interaction at the 68% C.L. (red region) and 95% C.L. (pink region). Plot-(a) depicts the bounds in
the mX − ΛS plane (with ∆m = 2.8 keV) for the vector-type DM-electron interaction at 68% C.L.
(red region) and 95% C.L. (pink region). In each plot, the constraints by the CMB measurements of
the DM relic density are also shown as blue and green curves, which are discussed in Sec. 3.
and pink bands give the allowed parameter space at 68% C.L. and 95% C.L., respectively.
This parameter region is largely independent of the DM mass-splitting ∆m, as indicated by
Fig.2 which shows the recoil spectrum for different ∆m values under the same input ratio
of σe/mX . In parallel, we further present in plot-(b) the allowed parameter region in the
mX −ΛV plane for the case of vector-type DM-electron interaction under ∆m = 2.8 keV. The
68% and 95% confidence limits of the XENON1T data on the parameter space are marked
by the red and pink colors, respectively. In Fig. 3, we also presented the constraints from the
CMB measurements on the DM relic density as the blue and green curves which we will derive
and discuss in the next section.
Finally, for the convenience of analysis, we present a compact formula for computing the
total number of DM signal events in the XENON1T experiment. We define the following ratio
which is mainly independent of the model-parameters (∆m, mX , Λ),
ξ ≡
∫
dER η(ER)
1
σ¯e
d〈σXevDM〉
dER
, (2.16)
where η(E) is the detector efficiency function. The only dependence of ξ on (∆m, mX)
comes from the upper/lower limits q± of the integration (2.10). We have shown in Fig.2 that
varying ∆m will mainly shift the position of the recoil energy peak, but has little effect on the
height of the spectrum. We have also checked numerically that the ratio ξ only changes by
about 4% when the DM mass mX varies within (0.1−10) GeV and the mass-splitting varies
within ∆m=(2− 3) keV. As a benchmark point, we obtain ξ0 =1.62 for ∆m=2.8 keV and
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mX =1 GeV. Then, we derive the total number of excess events beyond the backgrounds,
Ntot ' ξ0σ¯e
ρDM
2mX
NT ∆t
' 50× σ¯e
8×10−44cm2
ρDM
0.3 GeV/cm3
GeV
mX
NT
4.2×1027/ton
∆t
0.65 ton yr
. (2.17)
3. Constraints from DM Relic Density and Decays
In this section, we compute the relic density for the inelastic DM and analyze the con-
straints on the DM parameter space by following the conventional freeze-out DM scenario [17,
18]. We also derive constraint on the DM self-interactions. Then, we show that the lifetime
of the heavier DM component X ′ can be much longer than the age of the Universe.
With the DM-lepton contact interactions, we can compute the DM annihilation cross
sections of XX ′, X ′X ′, XX→`+`− with ` = e, µ for the scalar-type contact interactions (2.6)
or vector-type contact interactions (2.5b)-(2.5c). For instance, the scalar-type operator OS
contributes to the annihilation cross section of XX ′→e+e− for mX me ∆m ,
σSann '
v2
8piΛ4S
√
s
s−4m2X
. (3.1)
while the vector-type operator OV L or OV R contributes the annihilation cross section,
σVann '
1
16piΛ4V
s(s−4m2X)−(t−u)2√
s(s−4m2X)
. (3.2)
The same formulas also hold for other initial states XX and X ′X ′, and for other lepton
final state such as µ+µ−. But for the vector-type operators (2.5b)-(2.5c), the initial state
contains XX ′ only. Similar type of annihilation processes were considered in the lierature [19].
Then, we further derive the thermal averaged annihilation cross section of XX ′→e+e− at the
freeze-out temperature Tf ,
〈σSannvDM0〉 '
v2
4piΛ4S
, (3.3a)
〈σVannvDM0〉 '
m2X
pi xfΛ
4
V
, (3.3b)
where vDM0 is the DM velocity around the freeze-out epoch and xf = mX/Tf ' 18 . In the
above formulas we only keep the lowest order of x−1f . For computing the DM relic density,
we have determined the freeze-out temperature and xf numerically. Following the analysis of
the conventional freeze-out mechanism, we parameterize σannvDM0 ' a0+a1x−1f , then the total
relic density of X and X ′ is given by
ΩDMh
2 ' 2.1×109 GeV−1
(
T0
2.725K
)3 xf
MPl
√
g∗(Tf )
(
a0+a1x
−1
f /2
) , (3.4)
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where MPl denotes the reduced Planck mass and Tf is the freeze-out temperature. We will
determine Tf and xf numerically. The temperature T0 ' 2.725 K is the current CMB tem-
perature [20] and g∗(Tf ) is the effective degrees of freedom at the DM freeze-out.
Using the CMB measurement of the current DM relic density ΩDMh
2 = 0.120± 0.001 [23],
we can derive strong constraints on the cutoff scales ΛS and ΛV for the scalar-type and vector-
type DM interactions. We present the bounds on ΛS in Figs. 3(a) and the bounds on ΛV in
Figs. 3(b), where in each plot the blue curve depicts the bound from the annihilation channel
XX ′ → e+e− and the green curve corresponds to the bound from all relevant annihilation
channels including the initial states (XX ′, X ′X ′, XX) and the final states (e+e−, µ+µ−).
Note that for vector-type contact interaction, XX ′ is the only possible initial state. To derive
the green curve in each plot, we have chosen a common cutoff scale for all the relevant operators
in Eq.(2.6) or Eqs.(2.5b)(2.5c). Fig. 3 shows that combining the DM relic density bound with
the bound by fitting the XENON1T anomaly, we can constrain the DM parameter space
(mX , Λ) into rather narrow regions. For the case of scalar-type contact interactions, the relic
density bounds in Fig. 3(a) are fairly flat, so the cutoff scale ΛS is almost fully fixed. In
summary, we obtain the following bounds on the DM mass and the cutoff scale of the effective
DM contact interactions,
Scalar-type: mX = 1.22 GeV, ΛS = 1.11 TeV, (Best Fit);
1.05 GeV<mX<1.64 GeV, 1.106 TeV<ΛS<1.113 TeV, (95% C.L.); (3.5)
Vector-type: mX = 2.59 GeV, ΛV = 77.3 GeV, (Best Fit);
2.21 GeV<mX<3.49 GeV, 71.7 GeV<ΛV <89.1 GeV, (95% C.L.). (3.6)
It shows that the bound on the vector-type cutoff scale ΛV is much lower than the bound on
the scalar-type cutoff scale ΛS . The reason is because the vector-type cross sections are much
smaller than that of the scalar-type due to the relative suppression factor m2X/v
2 = O(10−4)
as shown in Eqs.(2.8)-(2.9) and Eqs.(3.3a)-(3.3b), where v ' 174 GeV is the Higgs VEV. We
also note that the cutoff scale Λ in the effective operator is connected to the heavy mediator
mass Mmd via Λ = Mmd/
√
g˜X g˜` , where g˜X denotes the mediator coupling to the DM and g˜`
the mediator coupling to the leptons. Thus, we can have Λ  Mmd (when g˜X g˜` 1 ), or,
Λ .Mmd (when g˜X g˜`& 1 ). For the scalar-type operator OS , Eq.(3.5) gives a sizable cutoff
scale ΛS ' 1.1 TeV which is above the current collider search limits [21]. For the vector-type
operator OV , Eq.(3.6) gives a quite low cutoff scale ΛV ' (72 − 89) GeV. For g˜X g˜` 1 , we
have MmdΛV , which is much less than the relevant energy scale at the high energy colliders;
so the corresponding collider bounds on the contact interactions do not apply to our current
case. For instance, for a light mediator mass Mmd ≈ 15 GeV, the mono-photon searches at
LEP-2 put the constraint g˜` . 0.06 for g˜X = 1 [22]3, which translates into a bound on the
3This estimate is obtained from Fig.1 of [22] by proper rescaling of its constraint with the total annihilation
cross section of e+e−→ DM DM γ to our case.
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cutoff scale ΛV & 60 GeV. This is consistent with our bound (3.6).
After the annihilation processes XX ′, X ′X ′, XX→`+`− decouple, the total number of the
DM particles X and X ′ is fixed. But, the conversion between X and X ′ is still efficient due
to the scattering process e±X ′↔e±X. We may estimate the kinetic decoupling temperature
of this process. We note that for T . me , the scattering cross sections σ¯Se and σ¯Ve are
already given by Eqs.(2.8)-(2.9). Thus, this decoupling happens when the following condition
is realized,
σ¯S,Ve ne± ' H , (3.7)
where ne±'4ζ(3)T 3/pi2 is the number density of e±, and H'
√
g∗pi2
90
T 2
MPl
is the Hubble rate.
For the parameter space of (mX , ΛS) or (mX , ΛV ) which realizes both the observed DM relic
density and XENON1T signal excess, we find that this conversion process freezes out at a
temperature T ' 0.7 MeV∆m , very close to the temperature when the e± density gets
depleted.
We note that the quartic interactions of the scalar DM contain a term λ˜X2X ′2 which
induces the annihilation process X ′X ′ ↔ XX . This converts the two types of DM particles
into each other and gives the following annihilation cross section,
σ[X ′X ′XX] ' λ˜
2
64pim2X
. (3.8)
After e± decouple from the dark sector, the temperature of the dark matter drops quickly as
a(t)−2, with a(t) being the expansion scale factor of the Universe. The DM temperature then
falls below keV in a very short time and an active annihilation X ′X ′→XX would deplete
the X ′ density. Since the quartic scalar self-interaction λ˜X2X ′2 is generally independent
of the DM-electron interactions, we may properly set the scalar coupling λ˜ such that the
annihilation X ′X ′→XX freezes out before the electrons decouple. The decoupling is realized
by the condition
σ[X ′X ′XX]×vDM0nDM ' H , (3.9)
where the DM has kinetic energy 1
2
mXv
2
DM0
≈ 3
2
T . For the temperature T  mX , we have
nDM ≈ pi
2
15
Teq
mX
T 3, where Teq is the temperature at the matter-radiation equality. By requiring
the annihilation X ′X ′ → XX to freeze out before T ≈ 1 MeV, we deduce an upper bound
on the DM self-coupling λ˜ . 0.03 . After e± decouple, the ratio between the particle number
densities of X and X ′ is frozen as nX = nX′ =
1
2
nDM , consistent with the setup throughtout
our formulation.
Next, we further estimate the lifetime of the heavier dark matter component X ′. There
are two possible decay channels, X ′→Xγ γ and X ′→Xν ν¯ . The decay rate is generally
suppressed by the small DM mass-splitting ∆m which determines the energy scales of outgoing
photons or neutrinos. If X and X ′ couple to electrons through the contact interaction OS
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or OVR, then X ′ decays dominantly into two photons X ′→Xγ γ through one-loop diagram
with electron in the loop. If X and X ′ couple to electrons through the contact interaction
OVL instead, then X ′ will decay dominantly via invisible channels X ′→Xν ν¯ at tree level.
For the scalar-type interaction OS, we compute the one-loop diagram for X ′→Xγ γ and
obtain the decay width:
ΓSX′ '
α2
7560pi5
∆m7v2
m2em
2
XΛ
4
S
. (3.10)
Here the electron triangle-loop has some similarity with the SM Higgs decay into di-photons
(h→ γγ) via fermion triangle-loop [24]. Taking the sample inputs of mX ≈ 1 GeV and ΛS ≈
1 TeV for satisfying the constraints by the DM relic density and the XENON1T measurement,
we find the X ′ lifetime as τX′ = O(10
18) yr, which is 8 orders of magnitude longer than the
age of the present Universe (∼ 1010 yr). So it is far beyond any current constraints for the
decaying dark matter. Besides, we note that for the scalar-type interaction OS, the invisible
decay channel X ′→Xν ν¯ could occur via one-loop W -exchange traingle-loop. But its decay
width is expected to be highly suppressed by extra factors of (m2νm
2
e)/M
4
W due to chirality-flips
and thus fully negligible.
For the vector-type interaction OVR, we compute its contribution to the decay width of
X ′→Xγ γ , and obtain to the leading order of ∆m ,
ΓVRX′ '
α2
7560pi5
∆m9
m4eΛ
4
V
. (3.11)
This loop result is consistent with that of [25] when comparable. From the above formula, we
deduce the X ′ lifetime τVRX′ = O(10
23)yr for ΛV ∼ 100 GeV. This is again far beyond the age
of the Universe. For the vector-type interaction OVR, we may further consider the invisible
decay channel X ′→Xν ν¯ via W -exchange triangle-loop. But we find that the X ′ decay width
is highly suppressed by an extra chirality-flip factor of m4e/M
4
W , so it is fully negligible.
Then, for the vector-type interaction OVL, we see that X ′ will decay predominantly via
the invisible channel X ′→Xν ν¯ at tree level. We can derive its decay rate,
ΓVLX′ =
1
120pi3
∆m5
Λ4VL
. (3.12)
By requiring the X ′ decay lifetime larger than the age of the present Universe (about 1.38×
1010yr) and inputting the fitted range of DM mass-splitting 2.1 eV < ∆m < 3.3 eV (95% C.L.)
from Fig. 1(b), we derive the lower bound on the cutoff scale ΛV > (291−512)GeV. Comparing
this with the allowed range given in Fig. 3(b), we find that this is excluded by both the DM
relic density measurement and the current XENON1T data. Hence, the vector-type interaction
OVL cannot provide a viable inelastic DM resolution.
Finally, we note that the effective DM-electron interactions can also induce new decay
channels of the SM gauge bosons W/Z and the Higgs boson h0 with X and X ′ in the decay
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products. But, such decays are realized by either attaching the effective DM-electron quartic
vertex to an electron loop or to an out-going electron line in the Feynman diagram. In both
cases, the corresponding decay width and branching fraction are suppressed by an extra factor
of (1/16pi2)2 . 10−4, either from the loop factor or from the phase space of two additional
DM particles in the final state. Hence such effects are far below the current experimental
sensitivity [26].
4. UV Completion of Effective Operators
In this section, we propose possible UV completions of the effective operators OS and OVR
as illustration. In the first model, the effective DM-electron interaction is mediated by an
extra heavy Higgs doublet. In the second model, the interaction is mediated by extra vector-
like heavy leptons. In the third model, the interaction is mediated by a new gauge boson
that couples to the leptons and the DM. We note that whenever a light singlet scalar DM is
coupled to the Higgs sector, there are Higgs portal terms such as λXHX
2|H|2, λX′HX ′2|H|2
and λXX′HXX
′|H|2. These Higgs portal interactions will induce invisible decays of the SM
Higgs boson, so their couplings are constrained by the Higgs measurements at the LHC,
λXH , λX′H , λXX′H. 10−2 [28].
4.1. Mediation by Second Higgs Doublet
In this model, we couple the real scalar DM fields X and X ′ to a two-Higgs-doublet model
(2HDM) [27]. The relevant terms in the Lagrangian are
L ⊃ y′jL¯jH2`jR + λ′12XX ′H†2H1 + h.c., (4.1)
where H1 and H2 are two Higgs doublets, and lepton `j = e, µ, τ . For convenience, we
may arrange the Higgs potential such that H1 is a SM-like Higgs doublet with the full VEV
〈H1〉 = (0, v)T , and H2 is a heavy Higgs doublet with vanishing VEV 〈H2〉 = (0, 0)T . This
means that H2 is irrelevant to fermion mass-generation, so its Yukawa couplings such as y
′
`
can be very different from the lepton Yukawa coupling y` =m`/v in the SM. As before, we
assign X and X ′ to be odd under an exact Z2 symmetry which ensures the DM stability, while
all other fields are Z2 even. For H2 being a heavy Higgs doublet, we can integrate it out and
induce the following effective operator at low energies,
O = y
′
jλ
′
12
M2H2
L¯jH1`jRXX
′ + h.c. (4.2)
The just gives the effective dimension-6 operator OS in Eq.(2.5a) with the cutoff scale ΛS =
MH2/
√
|y′jλ′12| . This can also induce a contribution to the DM self-interaction term δλ˜X2X ′2
with δλ˜ = λ′ 212 v
2/M2H2 . To generate the observed relic density and explian the XENON1T
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excess, we require ΛS ≈ 1 TeV as in Eq.(3.5). For y′eλ′12 = O(1) , this implies a second Higgs
doublet has mass MH2 = O(1) TeV.
4.2. Mediation by Vector-like Heavy Leptons
In this subsection, we consider the second model where the effective interaction is mediated
by a new generation of vector-like heavy leptons. The setup has some similarity to the lepton
portal DM model [29], but it contains both vector-like fermion singlets and doublets as the
mediators, which have mixings induced by Higgs VEV via Yukawa-type interactions. If coupled
to the muon, such extra mixed vector-like leptons can also be a potential resolution to the
muon gµ− 2 [30]. This model contains the following new terms beyond the SM Lagrangian,
∆L = [yXL¯jΨX + yX′ f¯ `jRX ′ + y′Ψ¯Hf + h.c.]+Mf f¯f +MΨΨ¯Ψ , (4.3)
where the Dirac fermion Ψ is an SU(2)L doublet with hypercharge YΨ =−12 , and Dirac fermion
f is a weak singlet with hypercharge Yf =−1. Both the fermions Ψ and f are Z2 odd, just
like the DM X and X ′. We also set a small coupling for the terms y′XL¯jΨX
′ and y′X′ f¯ `jRX.
If y′X and y
′
X′ are as large as yX and yX′ , the electron anomalous magnetic moment ge − 2
would receive an unacceptably large correction. In this case, the annihilation cross section
σ0 ∼ 10−9 GeV−2 is required for the DM relic density and can be related to ∆(ge− 2) ∼
me
16pi2
√
2piσ0 ∼ 10−10 [30]. Thus, we suppress the couplings for y′XL¯jΨX ′ and y′X′ f¯ `jRX ′ in
this model setup. Although these two terms could be generated by one-loop diagrams in
connection to the leptons, they are suppressed by the small SM lepton Yukawa couplings y`j.
To see this explicitly, we note that in the limit of setting the couplings y`j, y
′
X , y
′
X′ = 0 , the
Lagrangian (4.3) is invariant under a discrete Z′2 symmetry: Ψ→−Ψ, X→−X, `jR→−`jR,
and f→−f . This symmetry is broken by the SM lepton Yukawa couplings y`j. Hence, the
loop-generated couplings y′X and y
′
X′ are proportional to y`j .
Integrating out the heavy vector-like fermions Ψ and f , we obtain the following gauge-
invariant dimension-6 effective operator,
O = yXyX′y
′
MΨMf
L¯jH`jRXX
′ + h.c. (4.4)
This is just the scalar-type operator OS given in Eq.(2.5a), with the cutoff scale ΛS =[
MΨMf/(yXyX′y
′)
]1/2
. From our analysis in Sec. 3, we find ΛS ≈ 1.1 TeV in order to real-
ize the observed relic density and explain the XENON1T signal excess. For yXyX′y
′.1 and
MΨ≈Mf , this suggests MΨ,Mf&1.1 TeV, which is above the current collider limit of 900 GeV
for the vector-like leptons [30][31].
4.3. UV Completion for Contact Operator OVR
In this subsection, we construct a UV completion for the vector-type effective operator
OVR in Eq.(2.5c). We introduce an extra dark U(1)X gauge group with gauge boson A′µ and
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an extended Higgs sector with two Higgs doublets (H1, H2) plus two complex scalar singlets
(S, S ′). The Higgs douplet H1 couples only to the quarks and H2 couples only to the leptons,
because H2 and the right-handed leptons/neutrinos are charged under U(1)X while H1 and all
quarks (as well as left-handed lepton doublets) are U(1)X singlets. Thus, the Yukawa sector
of our model is the same as the lepton-specific 2HDM [27]. The electroweak symmetry is
spontaneously broken by both Higgs doublets with VEVs 〈H1〉=(0, v1)T and 〈H2〉=(0, v2)T .
The dark U(1)X gauge group is broken at the TeV scale by two singlet scalar fields S and S
′
with VEVs 〈S〉= vS/
√
2 and 〈S ′〉= vS′/
√
2 , repectively. We present the particle content in
Table 1.
Thus, we write down the relevant Lagrangian terms as follows,
∆L = |DµX̂|2 + ¯`Ri /D`R −m2X̂ |X̂|2 − (λX̂S|S|2+λX̂S′ |S ′|2)|X̂|2 − [λ˜X̂S(X̂S)2+h.c.]
−ydQ¯LH1dR − yuQ¯LH˜1uR − y`L¯H2`R − yνL¯H˜2νR − ySνTRSνR + h.c.
+ (scalar potential), (4.5)
where we have suppressed the fermion family indices for the simplicity of notations. We note
that the VEV of the singlet S generates TeV scale Majorana masses for the right-handed
neutrinos, MR =
√
2 ySvS . Thus, we can generate the light neutrino masses through a TeV
scale seesaw mechanism,
mν =
y2ν v
2
2√
2 ySvS
. (4.6)
For the singlet VEV vS = O(TeV) and the νR Yukawa couplings yν = O(ye), we find that
Eq.(4.6) provides the light neutrino masses mν = O(0.1) eV, which are consistent with the
neutrino oscillation data. The scalar singlet S ′ can generate desired mixing between the Higgs
doublets H1 and H2 from the cubic term M12H
†
1H2S
′+h.c., which ensures the pseudo-scalars
to be massive. The complex singlet X̂= (X+iX ′)/
√
2 contains the DM components X and
X ′. They become non-degenerate after U(1)X symmetry breaking,
m2X = m
2
X̂
+
(
λX̂S
2
+
λX̂S′
2
− λ˜X̂S
)
v2S , (4.7a)
m2X′ = m
2
X̂
+
(
λX̂S
2
+
λX̂S′
2
+ λ˜X̂S
)
v2S . (4.7b)
The U(1)X gauge boson A
′
µ acquires a mass after spontaneous symmetry breaking,
M2A′ = g
2
X(v
2
S+
1
4
v2S′) , (4.8)
where gX is the U(1)X gauge coupling. Integrating out the massive A
′
µ, we derive the
dimension-6 effective operator OVR in Eq.(2.5c) with a cutoff scale:
ΛVR =
√
2
|qX |
MA′
gX
. (4.9)
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Group QjL qjR Lj `jR νR H1 H2 S S
′ X̂
SU(2)L 2 1 2 1 1 2 2 1 1 1
U(1)Y
1
6
(2
3
,−1
3
) −1
2
−1 0 1
2
1
2
0 0 0
U(1)X 0 0 0 −12 12 0 12 −1 −12 qX
Z2 + + + + + + + + + −
Table 1: Particle content of the UV completion model for the vector-type contact operator OVR .
Here QLj and Lj denote the left-handed weak doublet of the SM quarks and leptons, respectively,
and the subscript j is the fermion family index of the SM.
We note that when the heavy singlets S and S ′ take their vacuum expectation values, the
Yukawa terms and the Higgs potential will reduce to those of the lepton-specific 2HDM,
which is consistent with the collider constraints in the alignment limit [32]. We will explore
the experimental tests of this model and related phenomenology elsewhere.
5. Conclusions
Probing the dark matter (DM) signals via electron recoil provides an important means for
direct detection of light DM particles. In this work, we explored an attractive resolution of
the newly reported XENON1T anomaly via exothermic inelastic scattering between the DM
particles and electrons. In this scenario, the dark matter sector contains two components X
and X ′ with a small mass-splitting ∆m = mX′−mX close to the recoil energy of the excess
events. The inelastic scattering of the heavy component X ′ with electrons de-excites it to the
lighter state X, releasing the energy to the recoiled electrons.
In Section 2, we presented an effective field theory (EFT) analysis of inelastic DM signals
for the Xenon electron recoil detection. For relatively heavy mediator, we formulated the
DM-lepton interactions by gauge-invariant effective contact operators of dimension-6 which
contains two DM fields (X, X ′) and two leptons, as given in Eqs.(2.5)-(2.6). Then, we com-
puted the electron recoil energy spectrum and fitted the XENON1T data. We found that the
DM mass-splitting falls into the range ∆m = (2.1−3.3) keV at 95% C.L., with the best fit
∆m=2.8 keV, which is shown in Fig. 1 and Fig. 2.
In Section 3, we analyzed the relic abundance for the inelastic DM. The DM particles
were in kinetic and chemical equilibrium in the early Universe. The DM relic abundance is
determined by the conventional freeze-out mechanism. The conversion between the heavier and
lighter DM states was maintained by their scattering with e± in the plasma. The conversion
became inefficient at T ≈1 MeV and the proportion of the two DM components was frozen at
nX' nX′ . We derived constraint on the DM self-interactions λ˜X2X ′2 to ensure that the DM
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annihilation X ′X ′→XX freezed out before the e± decoupled. We also found that the decay
of the heavier component X ′ is severely suppressed by the small DM mass-splitting ∆m , so
its lifetime is much longer than the age of the Universe. This means that the DM inelastic
scattering X ′ e−→X e− still happens in the Universe today. We further identified the viable
parameter space to realize the observed DM relic abundance and the XENON1T recoil energy
spectrum, as shown in Fig. 3 and Eqs.(3.5)-(3.6).
Finally, in Section 4 we presented three plausible UV completions for the effective operators
(2.5)-(2.6). The first model is given in Sec. 4.1, which is a 2HDM extension with an extra heavy
Higgs doublet as the mediator to induce the scalar-type DM-lepton interactions. The second
model is shown in Sec. 4.2. It contains extra vector-like heavy leptons as mediators to generate
scalar-type DM-lepton interactions. We presented the third model in Sec. 4.3, in which the
DM-lepton interactions are mediated by the new gauge boson A′µ of a dark U(1)X gauge group.
This gauge group is spontaneously broken at TeV scale and a TeV scale seesaw mechanism is
realized for mass-generation of light neutrinos. At low energes, the dark gauge boson exchange
can induce the vector-type DM-lepton interactions.
We stress that our generic EFT analysis in Sections 2-3 has provided a valuable approach
for studying the inelastic DM and its implications for the Xenon electron recoil detection.
With this approach, we identified the new viable parameter space of the inelastic DM as in
Figs. 1-3, and realized the inelastic DM via attractive UV-completion models in Sec. 4.1-4.3.
These will be further tested by the XENON1T detection after collecting more data and by
various other on-going DM direct detection experiments via the electron recoil measurements.
A. Independent Operators for DM-Lepton Interactions
In this Appendix, we show that the effective operators in Eq.(2.5) are the general gauge-
invariant dimension-6 operators which are relevant for studying the inelastic DM-electron
scattering. Here we focus on the operators including the DM bilinear fields of X and X ′,
OS = L¯H`RXX ′ + h.c. , (A.1a)
OVL = L¯γµL
(
X ′∂µX −X∂µX ′
)
, (A.1b)
OVR = ¯`Rγµ`R
(
X ′∂µX −X∂µX ′
)
. (A.1c)
We show that the other relevant operators can be reexpressed in terms of this set of operators.
In general, we may also write down the following dimension-6 operators,
L¯i /DLXX ′ , (A.2a)
¯`
Ri /D`RXX
′ , (A.2b)
¯`
Rγ
µ`R
(
X ′∂µX+X∂µX
′) , (A.2c)
20
L¯γµL
(
X ′∂µX+X∂µX
′) , (A.2d)
where Dµ is the covariant derivative. For the operators (A.2a) and (A.2b), they can be
converted to the form of Eq. (A.1a) with additional suppression by the small leptonic Yukawa
coupling y` after applying the equations of motions (EOM),
i /DL = y`H`R + · · · , (A.3a)
i /D`R = y`H
†L+ · · · . (A.3b)
Hence, the contributions of the operators (A.2a)-(A.2b) are negligible for our current study.
For Eq.(A.2c), we note that the vanishing contribution of a total derivative term in the
Lagrangian implies,
0 = ∂µ(
¯`
Rγ
µ`RXX
′) = ∂µ(¯`Rγ
µ`R)(XX
′) + (¯`Rγ
µ`R)(X
′∂µX+X∂µX
′) . (A.4)
If we set the small lepton Yukawa coupling y` = 0 , then the lepton chirality is conserved at
tree level and thus ∂µ(
¯`
Rγ
µ`R) = 0 . Hence, including the leptonic Yukawa couplings only
leads to a term suppressed by y` . To see this explicitly, we apply the EOM (A.3a) and obtain
∂µ(
¯`
Rγ
µ`R) = y`
¯`
RH
†L+ h.c. + · · · . Thus, we arrive at
(¯`Rγ
µ`R)(X
′∂µX+X∂µX
′) = y`(¯`RH
†L)(XX ′) + h.c. + · · · , (A.5)
which again reduces to the form of Eq.(A.1a), but suppressed by the small leptonic Yukawa
coupling y` . The exactly same reasoning holds for the operator (A.2d). Henec, the set
operators in Eq.(2.5) are unqiue for our present EFT study.
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